Trehalose was found to be utilized more readily than glucose for the growth of Bacillus popilliae NRRL B-2309MC. The pathway of degradation of trehalose was elucidated and found to differ from that reported for other organisms. Trehalase and trehalose phosphorylase activities could not be detected. Rather, trehalose was found to undergo phosphoenolpyruvate (PEP) -dependent phosphorylation, and the resulting trehalose 6-phosphate was cleaved by a phosphotrehalase to equimolar amounts of glucose and glucose 6-phosphate. The 
[I4C]trehalose uptake suggest that trehalose is transported into the cell as Bacillus popilliae is a pathogen of Japanese beetle (Popilliae japonica) larvae and was first described by Dutky (6) . It grows readily in the hemolymph of the larvae and high populations of endospores are accumulated. Numerous attempts to mass-produce spores in the laboratory have failed. Studies of hemolymph composition revealed that there is not a significant amount of glucose present but that trehalose is present in excess (26, 28) . The trehalose level decreased by only about one-third during the growth of B. popilliae in the larvae (28) . Many studies have shown that B. popilliae utilizes trehalose readily (2, 26, 28) , and it appears likely that this is the primary source of carbon and energy for growth and sporulation in the natural host.
Glucose metabolism by B. popilliae has received considerable attention (3, 25) and there is no reason to believe that there should be any difference in trehalose dissimilation after the degradation into two molecules of hexose. Rhodes et al. (27) reported that the products formed during growth of the organism in a trehalose-containing medium were similar to those from glucose. However, we observed that the ' Joumal Article No. 6645, Michigan Agricultural Experiment Station. rate of respiration of B. popillae with trehalose was about twice that with glucose as the substrate (2) . This observation prompted us to further study the utilization of trehalose by this organism.
Two different enzymatic reactions for the cleavage of trehalose have been previously de- scribed. A number of organisms have been found to have a trehalase, which hydrolyzes the disaccharide into two molecules of glucose (10, 12) . A recent report (1) described the phosphorolytic cleavage of trehalose into glucose 1-phosphate and glucose by a phosphorylase from Euglena gracilis. The present communication reports a third kind of cleavage reaction for the degradation of trehalose, which occurs in B. popilliae. Trehalose is transported into the cell by a system forming trehalose 6-phosphate (6-0-phosphoryl-a-D-glucopyranosyl-a-D-glucopyranoside) which is then cleaved by a phosphotrehalase with the formation of glucose and glucose 6-phosphate.
TREHALOSE METABOLISM BY B. POPILLIAE including their original source and methods for maintenance, have been described elsewhere (17) . The basal media (TY) used throughout the studies contained 1.5% Trypticase, 0.5% yeast extract, and 0.6% K2HPO4 (2) . The carbohydrates were filter sterilized separately and added to the autoclaved basal medium. In all cases, 50, 100, or 200 ml of media were dispensed in 125-, 250-, or 500-ml Erlenmeyer flasks, respectively. The cultures were routinely aerated by shaking on a rotary shaker, and the temperature was maintained at 30 C.
Growth and oxygen uptake experiments. Each culture contained 50 ml of medium in 125-ml flasks. Samples of 2.0 ml were taken at various intervals and growth was monitored by measurements of the optical density (OD) at 620 nm. One OD unit equaled approximately 1.6 mg (dry weight) of cells per ml.
For oxygen uptake studies, B. popilliae .was grown to mid-exponential phase in TY + 0.2% trehalose. The cells were harvested by centrifugation at 10,000 x g and washed twice using 5 x 10-' M potassium phosphate buffer (pH 7.2). The pellet was suspended in the same buffer. Oxygen uptake was measured in a Warburg apparatus by standard manometric techniques (35) .
Enzyme assays. ,B-Glucosidase activity was assayed by the method of Duerksen and Halvorson (5) with slight modifications. Each reaction mixture contained 0.8 ml of cell suspension (125 to 250 sg of protein per ml) in 5 x 10-2 M potassium phosphate buffer (pH 7.2) and 0.2 ml of 5 x 10-2 M p-nitrophenyl-,6-D-glucopyranoside (PNP,G). The reaction was incubated at 30 C for 20 min and stopped by adding 0.5 ml of cold 1.0 M Na2CO,. The cells were centrifuged and the absorbancy was measured at 400 nm. The rate of increase in absorbancy at 400 nm was constant with time for over 60 min. One unit of ,6-glucosidase was defined as the amount of enzyme which produced 1 umol of p-nitrophenol per min. The molar absorbance of p-nitrophenol under these conditions is 1.8 x 104 M -cm 1.
Phosphotrehalase was assayed spectrophotometrically by coupling the reaction to glucose 6-phosphate dehydrogenase. Each reaction mixture (0.16 ml) contained 10 ,mol of glycylglycine buffer (pH 7.5), 1 umol of MgCl2, 0.1 Amol of nicotinamide adenine dinucleotide phosphate (NADP+), 0.5 Mmol of trehalose 6-phosphate, a non-rate-limiting amount of glucose 6-phosphate dehydrogenase, and a rate-limiting amount of the enzyme to be assayed. The reaction rate was determined by monitoring the increase in absorbancy at 340 nm. The rate was constant with time and proportional to the enzyme concentration. Unless indicated otherwise, all assays were run at 30 C. One unit of the enzyme was defined as the amount that reduced 1 Amol of NADP+ per min. The molar absorbance for reduced NADP+ (NADPH) is 6.2 of 10' M1Icm-1.
Partial purification of phosphotrehalase. All enzyme preparations were in standard 0.1 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.2), containing 1 mM dithiothreitol (DTT). The temperature was maintained at 0 to 4 C during purification.
Step 1: preparation of crude extract. B. popilliae was grown to late exponential phase in TY + 0.2% trehalose medium. Five liters of cells were harvested by centrifugation at 10,000 x g for 15 min and washed twice with 5 x 10-2 M potassium phosphate buffer (pH 7.2). The pellet was suspended in 10 ml of standard buffer. The cells were disrupted by ultrasonic oscillation as described previously (2) . The cell debris was removed by centrifugation at 10,000 x g for 10 min. The supernatant fraction was referred to as the crude extract. Where indicated, the crude extract was dialyzed against standard buffer at 4 C for 8 h.
Step 2: streptomycin sulfate precipitation. To 40 ml of crude extract, an equal volume of 5.0% streptomycin sulfate in standard buffer was added slowly with stirring, and the mixture was stirred for an additional 60 min. The precipitate was removed by centrifuging at 40,000 x g for 30 min and discarded. The supernatant solution was made up to 100 ml with standard buffer.
Step 3: ammonium sulfate fractionation. Solid ammonium sulfate was added to the supernatant solution from step 2 to obtain 40% saturation. The precipitate was removed by centrifuging at 40,000 x g for 30 min and discarded. Additional ammonium sulfate was added to obtain 60% saturation, and the suspension was centrifuged as above. The precipitate was dissolved in 14.5 ml of standard buffer and dialyzed overnight against 1 liter of standard buffer with two changes.
Step 4: DEAE-cellulose chromatography. A diethylaminoethyl (DEAE)-cellulose column (2 by 27 cm) was equilibrated with standard buffer to the same pH and the same conductivity as the starting buffer. The dialyzed sample was then loaded onto the column, and the column was washed with 160 ml of standard buffer. The protein was eluted with 300 ml of a linear gradient from 0 to 0.2 M KCI in standard buffer. The flow rate of the column was 50 ml per h, and 4.0 ml was collected per fraction. Phosphotrehalase was eluted from the column at approximately 0.14 M KCI. Fractions containing phosphotrehalase activity were pooled and concentrated to 7.5 ml by ultrafiltration though a UM-10 Diaflo membrane (Amicon Corporation, Cambridge, Mass.). The concentrated preparation was dialyzed against 500 ml of standard buffer for 15 h with three changes.
Step 5: Sephadex G-200 chromatography. The sample obtained from step 4 was divided into two equal portions and each was chromatographed on Sephadex G-200. A G-200 Sephadex column (2.3 by 37 cm) was equilibrated with standard buffer. The sample was applied to the column and eluted with standard buffer. The flow rate of the column was 18 ml/h and 3-ml fractions were collected. The fractions containing phosphotrehalase activities were pooled and concentrated by ultrafiltration as described above. This solution was divided into 1.0-ml portions, sealed in ampoules, and stored in liquid N, until used.
Isolation of phosphotrehalase-negative mu- A further indication that trehalose was used more readily than glucose was obtained by comparing the effectiveness of the two sugars in repressing the synthesis of an inducible enzyme.
fl-Glucosidase in B. popilliae was found to be induced by salicin. Activity of the enzyme in induced cells was 10-fold higher than that of noninduced cells. The plot of the ,3-glucosidase activity as a function of growth remained linear after the culture was fully induced. Trehalose, but not glucose, was found to strongly repress the synthesis of, 3-glucosidase (Fig. 1) . In the presence of glucose and salicin, enzyme synthesis was delayed, but the differential rate of synthesis only decreased slightly as compared to the culture without glucose added. However, when trehalose was added together with salicin, the differential rate of,B-glucosidase synthesis decreased by 88% as compared to the culture with salicin alone. In other experiments, it was noted that trehalose also repressed ,B-glucosidase synthesis when trehalose was added after the culture was fully induced. This repression was not affected by the addition of 5 x 10-2 M cyclic adenosine 3', 5'-monophosphate to the medium.
It has been previously reported that B. popilliae grown with either glucose or trehalose as the carbon source oxidized trehalose about twice as fast as glucose when the two sugars were present at the same concentration (0.01 M) (2). When we varied the concentration of the two sugars, it was observed that the rate of 02 TREHALOSE METABOLISM BY B. POPILLL4E uptake by resting cells with glucose as substrate increased as the glucose concentration increased up to a maximum uptake rate at 5 x 10_2 M glucose (Table 1 ). In contrast, the rate of uptake was maximal with only 5 x 10-4 M trehalose.
Inhibition by NaF of respiration and of
[14C]trehalose uptake by cells. NaF is known to inhibit enolase in the Embden-MeyerhofParnas pathway (13) , and previous data (25) showed that 10-2 M NaF inhibited the rate of glucose oxidation by B. popilliae by 50%. When this inhibitor was tested on trehalose oxidation by resting cells of B. popilliae grown in trehalose, the oxidation was completely inhibited (Fig. 2) . Glucose oxidation was only inhibited by 50%, which is the same level of inhibition reported previously with a lower concentration of glucose (25) . Concentrations of trehalose and glucose were adjusted in this experiment so that maximal rates of 02 uptake were obtained in the controls. The results suggested that the transport of trehalose was energy dependent and dependent on phosphoenolpyruvate (PEP).
To further investigate the complete inhibition of trehalose oxidation by NaF, uptake experiments using [IC] trehalose in the presence and absence of NaF were performed. The uptake of [4C ]trehalose by resting cells of B. popilliae was almost completely inhibited by 1 x 10-2 M NaF (Fig. 3) .
Phosphotrehalase in B. popilliae. Various methods were used to detect trehalase (7, 9) and (Table 4 ). The mutant grew faster in methyl a-D-glucoside than did the wild-type culture. However, we have not determined the reproducibility of this result. It is apparent that the phosphotrehalase is not required for the metabolism of a-glucosides in general, since the mutant grew with both maltose and methyl a-D-glucoside as substrates. Also, previous data (2) demonstrated that this organism produced an inducible methyl a-D-glucosidase. This mutant was also similar to the wild-type culture in that it was catalase negative, a unique characteristic of this Bacillus species. This was apparently a point mutation since revertants were readily isolated.
Not only did the mutant fail to grow in TY + 0.2% trehalose, but also it did not grow in this medium containing both 0.2% trehalose and 0.5% glucose. To show inhibition of growth of the mutant by trehalose, a culture of 2309MC100 was allowed to grow in TY + 0.5% glucose to mid-exponential phase, and 0.2% trehalose was then added to the culture. Growth of the mutant stopped shortly after the addition of trehalose (Fig. 4) . Addition of trehalose to the wild-type culture growing in glucose had no effect. Trehalose Identification of trehalose 6-phosphate accumulation by the phosphotrehalase-negative mutant of B. popilliae. To confirm that trehalose 6-phosphate accumulated in cells of the mutant, a resting cell suspension was incubated with [40C]trehalose, the cells were extracted with 5% cold trichloroacetic acid, and the trichloroacetic acid extract was subjected to paper chromatography with two different solvent systems (Table 5 ). The radioactive spots in both solvent systems were found to cochromatograph with authentic trehalose 6-phosphate. After treating the trichloroacetic acid extract with alkaline phosphatase, the radioactivity appeared at the location corresponding to free trehalose. Furthermore, when it was treated with partially purified phosphotrehalase, the radioactivity appeared equally in the glucose and glucose 6-phosphate spots (Table 5) .
The same type of chromatographic analysis indicated that a crude cell extract of mutant 2309MC100 also accumulated [14CItrehalose 6-phosphate in reaction mixtures containing
[140 ]trehalose, MgCl2, and PEP. Furthermore, the production of trehalose 6-phosphate from trehalose was indicated by a coupled enzymatic assay (Table 6 ). In the complete assay mixture 30 C for 1 h. The cells were centrifuged, and the pellet was extracted twice with 2.0 ml of 5% trichloroacetic acid at 0 C for 30 min. The trichloroacetic acid was removed from the combined supematant solutions by extracting three times with an equal volume of ether. The resulting solution was evaporated under reduced pressure at 40 C to a small volume. Sugar phosphates were separated from any free sugar by preparative paper chromatography using solvent system A. After elution from the paper with water, the accumulated sugar phosphate was chromatographed in two different solvent systems (A and B) along with the products from sub-samples treated as indicated. Glucose, glucose 6-phosphate, trehalose, and trehalose 6-phosphate were co-chromatographed as standards. The chromatograms were dried and radioactive spots were located using a Packard model 7201 radiochromatogram scanner. The standard sugars and sugar phosphates were made visible by alkaline silver nitrate method (35) . The areas corresponding to the peak activities were compared to the standards and cut out to quantitate the amount of radioactivity in toluenebased scintillation liquid. The data were corrected for background values.
with the phosphotrehalase, hexokinase, adenosine 5'-triphosphate (ATP), glucose 6-phosphate dehydrogenase, and NADP+, over 27 nmol of NADPH were formed, whereas only 5.5 nmol and 17.8 nmol were formed on omission of phosphotrehalase and the hexokinase plus ATP, respectively. After correcting for the amount of NADP+ reduction in the absence of phosphotrehalase, the amount of NADP + reduced in the complete assay system (22 nmol) was approximately double that reduced in the absence of added hexokinase and ATP (12.3 'Production of sugar phosphates was determined as described in Table 7 . Calculated equivalents of ["C Itrehalose.
presence of trehalose than with glucose even when glucose was presented in a much. higher concentration than the disaccharide. The respiration rate of B. popilliae with 5 x 10-' M trehalose as substrate was as high as that attained with much higher levels of glucose. Also, strong repression of the synthesis of an inducible enzyme was evident when trehalose was present along with the inducer whereas glucose had only a,plight effect, if any. Thus, it may be concluded that trehalose is the preferred energy source for this organism.
Our data show that trehalose is degraded in B. popilliae by a previously undescribed route. No trehalase (10, 12) or trehalose phosphorylase activity (1) could be detected. Rather, the data indicate that trehalose is taken up by the cell via a PEP: sugar phosphotransferase system, and that the resulting trehalose 6-phosphate is hydrolyzed to glucose and glucose 6-phosphate by a phosphotrehalase. The evidence for a PEP: sugar phosphotransferase system is as follows: (i) PEP-dependent formation of trehalose 6-phosphate by crude cell extracts and by the particulate fraction of cell extracts, (ii) accumulation of trehalose 6-phosphate in a phosphotrehalase-negative mutant, (iii) complete inhibition by 1 x 10 -2 M NaF of
[I4C]trehalose uptake by cells, and of respiration with trehalose as substrate, and (iv) the failure of ATP to significantly stimulate formation of sugar phosphates from trehalose by cell extracts. Glucose did not appear to be transported by the same system, since there was only a 50% inhibition of respiration by NaF with glucose as substrate, nor was there any inhibition of [I4C ]trehalose uptake by high concentrations of glucose.
The PEP: glucose phosphotransferase system is widely distributed in bacteria, including members of the genus Bacillus (29) . The involvement of a similar system in the transport of lactose is also well established in Staphylococcus aureus (11, 14, 15, (30) (31) (32) and in Streptococcus lactis (18, 19) . Therefore, it would not be unexpected to find such a transport mechanism for other disaccharides. Although phosphorylated disaccharides are involved in the metabolism of cellobiose (21) (22) (23) and gentibiose (24) in Aerobacter aerogenes, the phosphorylation is catalyzed by a soluble ATP-dependent kinase. No significant kinase activity was observed in the present studies, and most of the trehalose phosphorylating activity was associated with the particulate fraction of the extracts of cells of B. popilliae.
The cleavage enzyme for which we propose the trivial name, phosphotrehalase, is a new enzyme which has not been observed previously. The failure of a mutant deficient in this enzyme to metabolize trehalose, the presence of the enzyme in all strains of B. popilliae studied, and the absence of a trehalase or trehalose phosphorylase indicate that the metabolism of trehalose by B. popilliae involves an initial phosphorylation before cleavage. The significance of these findings with respect to the ability of B. popilliae to sporulate in the hemolymph of Japanese beetle larvae is not clear. High concentrations (0.2%) of either glucose or trehalose inhibit sporulation of oligosporogenous strains of this organism in vitro (4, 27) , although trehalose is reported to be less inhibitory than glucose (27) . The concentration of trehalose in the hemolymph of the larvae is higher than 0.2% throughout sporulation. It has been proposed (4, 26) that the trehalose may be mostly in an unavailable form in the larvae. This should be investigated more thoroughly.
